Background: SET7 monomethylates DNMT1, promoting its proteasomal degradation, yet methylated DNMT1 still remains throughout the cell cycle. Results: The methyllysine reader PHF20L1 stabilizes methylated DNMT1. Disruption of PHF20L1 induces DNMT1 degradation and genome hypomethylation. Conclusion: PHF20L1, an epigenetic reader, cooperates with writer and eraser to regulate epigenetic inheritance. Significance: PHF20L1 can be targeted as a means of regulating DNMT1 activity and DNA methylation in cells.
Inheritance of DNA cytosine methylation pattern during successive cell division is mediated by maintenance DNA (cytosine-5) methyltransferase 1 (DNMT1). Lysine 142 of DNMT1
is methylated by the SET domain containing lysine methyltransferase 7 (SET7), leading to its degradation by proteasome. Here we show that PHD finger protein 20-like 1 (PHF20L1) regulates DNMT1 turnover in mammalian cells. Malignant brain tumor (MBT) domain of PHF20L1 binds to monomethylated lysine 142 on DNMT1 (DNMT1K142me1) and colocalizes at the perinucleolar space in a SET7-dependent manner. PHF20L1 knockdown by siRNA resulted in decreased amounts of DNMT1 on chromatin. Ubiquitination of DNMT1K142me1 was abolished by overexpression of PHF20L1, suggesting that its binding may block proteasomal degradation of DNMT1K142me1. Conversely, siRNA-mediated knockdown of PHF20L1 or incubation of a small molecule MBT domain binding inhibitor in cultured cells accelerated the proteasomal degradation of DNMT1. These results demonstrate that the MBT domain of PHF20L1 reads and controls enzyme levels of methylated DNMT1 in cells, thus representing a novel antagonist of DNMT1 degradation.
Methylation at the 5-position of cytosine to generate 5mC 3 on DNA represents a major epigenetic mechanism of gene silencing (1) (2) (3) . 5mC occurs mostly at CpG dinucleotides and a small percentage at CHG and CHH sequences (4) . In mammalian cells, there are three catalytically active DNA (cytosine-5) methyltransferase families represented by DNMT1, DNMT3A, and DNMT3B along with a methyltransferase-like protein, DNMT3L, which lacks a catalytic domain (5) . The physical interaction and functional partnership between de novo methyltransferase DNMT3A, DNMT3B, and DNMT3L is well documented and is hypothesized to bind and methylate chromatin as a substrate (6, 7) . Hypomethylation of the genome leads to chromosome instability, and aberrant DNA methylation is frequently observed in cancer (8, 9) . Among the DNA methyltransferases, DNMT1 is known as the maintenance methyltransferase. DNMT1 preserves epigenetic inheritance by methylating the newly synthesized daughter strand during DNA replication (10) . There are several interacting proteins of DNMT1, most notably PCNA and UHRF1 (ubiquitin-like containing PHD and RING finger domains 1) (11, 12) . Both PCNA and UHRF1 are colocalized with DNMT1 during DNA replication, and deletion of UHRF1 by genetic knockout resulted in a severe loss (Ͼ80%) of 5mC in the embryonic stem cells. This suggests that there are proteins other than DNA methyltransferases that play an important role in the mechanism of epigenetic inheritance, perhaps via selective targeting of enzymes. Furthermore, UHRF1 has E3 ubiquitin-protein ligase activity that mediates the ubiquitination of target proteins, such as histone H3 and promyelocytic leukemia protein and alters gene expression (13, 14) .
Another mechanism that influences epigenetic inheritance is the availability and stability of DNA methyltransferases in cells. Some mechanistic based inhibitors of DNMTs, such as 5-azacytidine, are a chemical analog of the cytosine nucleoside of DNA and RNA (15) . 5-Azacytidine is thought to inhibit DNA methyltransferases at low doses, causing hypomethylation of DNA (16) . Incorporation of 5-azacytidine into DNA leads to its covalent binding and capturing of DNA methyltransferases, resulting in the depletion of the enzyme pool in the cell (17, 18) . In another study, 5-azacytidine and 5-aza-CdR treatment of cultured mammalian cells led to rapid degradation of DNMTs by the cellular proteasomal pathway (19) . Therefore, it is plausible that both covalent attachment of these enzymes to DNA and their degradation may lead to poor maintenance of DNA methylation, consequently leading to hypomethylation of the genome and cellular apoptosis.
There are several studies supporting the role of lysine methylation of non-histone proteins in the regulation of protein activity and stability, particularly p53, ER␣, RelA, and DNMT1 (20) . Both p53 and ER␣ are stabilized by lysine methylation, whereas RelA and DNMT1 are destabilized. The effect of lysine methylation on histones is well studied, and it can be repressive or activating, depending on what lysine is methylated in a chromatin context (21) . Indeed, distinct methyllysine marks recruit different reader proteins, resulting in different transcriptional responses. For example, histone H3K9me recruits HP1 proteins for gene silencing (22) . Several protein domains are capable of recognizing methylation marks, including ANK repeats, WD40, plant homeodomain, PWWP, chromodomain, and MBT domain (23) (24) (25) . Proteins containing MBT domains are products of polycomb group genes and have been implicated in transcriptional repression of developmental genes. Indeed, misregulation of MBT-containing proteins has been linked to various disease phenotypes (26) .
In a previous report, we demonstrated that SET7 monomethylation of DNMT1 (DNMT1K142me1) leads to its proteasome-mediated protein degradation, and we have hypothesized that the antagonist LSD1 (lysine-specific demethylase 1) may prevent this degradation by removing the methyl mark (27) . Furthermore, DNMT1K142me1 acts as an antagonist to Ser-143 phosphorylation, thus offering a methyl-phospho switch status that operates during the cell cycle. Phosphorylated DNMT1 is more stable than the methylated enzyme, and it is more abundant during the DNA synthesis stage of the cell cycle (28) . Although the methylated species of DNMT1 accumulates during the late DNA synthesis stage and decreases thereafter, a significant percentage still remains throughout the whole cell cycle. This prompted us to search for a possible reader(s) of lysine-methylated DNMT1 and its role in the cell. In this report, we discuss a novel DNMT1K142me1 reader, PHF20L1, a protein that contains an active MBT domain (24) . We studied its role in DNMT1 stability, loading, and epigenetic inheritance in mammalian cells.
EXPERIMENTAL PROCEDURES
Cell Treatments, Cell Cycle Synchronization, Protein Stability, Immunoprecipitation, GST Pull-down, Far-Western Blot, and Immunofluorescence-All cell lines (HeLa, COS-7, Jurkat, HCT116, and HEK293) were grown as per ATCC recommendations. Nuclear cell extracts were immunoprecipitated as described previously (29, 30) . GST pull-downs and immunofluorescence studies were performed as described previously (30, 31) . Far-Western experiments were carried out by first incubating recombinant DNMT1 with equimolar amounts of either recombinant SET7 or MBP2 (New England Biolabs), as described previously (28) . UNC1215 and proteasome inhibitor MG132 were purchased from Tocris Bioscience and Selleck Chemicals, respectively. UNC1215 and MG132 were dissolved in ethanol and methanol, respectively. For cell cycle analysis, HeLa cells were synchronized in G 1 /S by using 2 mM thymidine block followed by 5 g/ml aphidicolin treatment. Chromatin was extracted as described previously (12) . For DNMT1 protein stability and degradation studies, either cycloheximide or MG132 was applied. For the cycloheximide study, HeLa cells were treated with 60 M UNC1215 for 2 days and then incubated with 50 g/ml cycloheximide (Sigma-Aldrich) at different times. For the MG132 study, HeLa cells were treated with different concentrations (0, 20, 40, and 80 M) of UNC1215 for 2 days and then incubated with 50 M MG132 for 2 h. Cells were then lysed and assayed by Western blot using a DNMT1 antibody (New England Biolabs, catalog no. M0231S).
Immunoprecipitations of nuclear cell extracts (400 g to 1 mg) were performed by using 5 g of anti-DNMT1 (Abcam, catalog no. ab92453) or anti-PHF20L1 (Sigma-Aldrich, catalog no. HPA028417). 5 g of purified normal rabbit IgG (Cell Signaling Technology, catalog no. 2729) was used as a negative control. Immunoprecipitations were loaded into SDS-polyacrylamide gels for subsequent Western blot analyses. For immunoprecipitation studies done after UNC1215 treatment, HeLa cells were treated with 80 M UNC1215 or ethanol for 3 days prior to precipitation.
GST pull-downs were performed with increasing amounts (1, 2, and 4 g) of baculovirus purified full-length DNMT1 (New England Biolabs, catalog no. M0230S) that were methylated overnight by MBP-SET7 (New England Biolabs, catalog no. M0233S) and then incubated with purified MBT-GST (10 g). DNMT1 was cloned into pVIC1 (New England Biolabs) and purified as described previously (32) . MBP-SET7 and MBP-PHF20L1 were cloned into pMAL-C5x vector (New England Biolabs, catalog no. N8108S) and purified using amylose resin (New England Biolabs, catalog no. E8021).
In vitro pull-downs of MBP-PHF20L1a with DNMT1K142me1 peptide were carried out by first incubating 10 M peptide (biotin-LSKPRTPRRSK(me1)SDGEAKPE) with agarose-streptavidin beads (25 l of bead slurry, Thermo Scientific, catalog no. 2359) for 1 h at 4°C with rotation in peptide binding buffer containing 10% glycerol (v/v), 0.1 mM DTT, 1 mM EDTA, 20 mM HEPES, and 100 mM KCl. The beads were then washed two times with 1ϫ PBS and resuspended in fresh binding buffer. 500 ng of recombinant MBP-PHF20L1a, with increasing concentrations of UNC1215 inhibitor (0, 20, 40, 100, and 200 M) was then added simultaneously to the peptide-bound streptavidin beads and incubated for 1 h at 4°C with rotation. The beads were then washed two times with binding buffer and resuspended in 3ϫ SDS sample buffer containing 1 mM DTT (New England Biolabs, catalog no. B7709S). Samples were then boiled at 95°C for 5 min and analyzed by Western blot analysis (detailed under "Western Blot and Densitometry") with anti-MBP-HRP antibodies at a 1:5000 dilution (New England Biolabs, catalog no. E8038S).
For immunofluorescence studies, COS-7 cells were cultured on coverslips and transfected with a mixture of epitope-tagged PHF20L1a, CFP-SET7 plasmids, and Transpass D2 transfection reagent (New England Biolabs) at a ratio of 1:3 g/l for 24 h. The cells were fixed with 1% paraformaldehyde (v/v). Serum detecting endogenous DNMT1K142me1 protein (New England Biolabs) was used at a 1:10,000 dilution and visualized
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with an anti-rabbit IgG coupled with Alexa Fluor 594 dye (Molecular Probes). Epitope-tagged PHF20L1a protein was detected by an anti-mouse FLAG (or anti-mouse Myc from Cell Signaling Technology, catalog no. 2276) and visualized with an anti-mouse IgG coupled with Alexa Fluor 488 dye (Molecular Probes). These probes were visualized under a Zeiss LSM510 confocal microscope with a 63ϫ oil objective lens or under a Zeiss Axiovert 200M microscope. CFP-SET7 was visualized using confocal microscopy (405-nm laser) or with an AQUA filter using an Axiovert microscope. In some cases, DAPI nuclear staining was used. For 5mC detection, fixed cells were first incubated with 2 N HCl for 20 min and neutralized with 1 M Tris base for 5 min at room temperature. A mouse monoclonal antibody specific for 5mC (Eurogentec, catalog no. BI-MECY-0100) was added at 1:500 dilution overnight at 4°C and detected by an anti-mouse IgG coupled with Alexa Fluor 488 dye. Endogenous PHF20L1 and DNMT1 proteins in HeLa cells were detected using an anti-PHF20L1 antibody (Abcam, catalog no. ab67796) at 1:20 dilution and an anti-DNMT1 antibody (Santa Cruz Biotechnology, Inc., catalog no. sc-20701) at 1:50 dilution. To visualize endogenous colocalization of PHF20L1 and DNMT1, secondary anti-mouse IgG coupled with Alexa Fluor 594 dye and anti-rabbit IgG coupled with Alexa Fluor 488 dye antibodies (Molecular Probes) were used, respectively.
For the far-Western experiment, samples containing recombinant DNMT1 (10 g) were first incubated with either recombinant MBP2-SET7 (40 g) or MBP2 (20 g). Increasing amounts of these DNMT1 mixtures (0.25, 0.5, 1, and 2 g) were then electrophoresed on an SDS-polyacrylamide gel and transferred to a PVDF membrane. The PVDF membrane was blocked in 1ϫ PBS, 0.1% Tween 20 (v/v), and 5% dry milk (w/v) for 1 h at room temperature. The membrane was then washed three times for 5 min in 1ϫ PBS containing 0.1% Tween 20 (v/v). Peptide binding buffer containing 2 g of recombinant MBP-PHF20L1a was added to the membrane and incubated for 1 h at room temperature. The membrane was then washed three times for 5 min in 1ϫ PBS, 0.1% Tween 20 (v/v). Rabbit anti-PHF20L1 (Sigma-Aldrich, catalog no. HPA028417) antibody was used (1:2000 dilution) to detect the PHF20L1a bound to the membrane-immobilized DNMT1.
siRNA Knockdown of PHF20L1-For PHF20L1 gene knockdown, HeLa cells were transfected for 48 h using HiPerFect reagent (Qiagen, catalog no. 301705) with 100 nM PHF20L1 siRNA (catalog no. EHU060221, Sigma-Aldrich) or SMART pool ON-TARGETplus PHF20L1 siRNA (catalog no. L-027322-01-0005, Thermo Scientific). For control transfection, 100 nM EGFP siRNA (catalog no. EHUEGFP, Sigma-Aldrich) or a universal negative control siRNA were used (catalog no. 12935-300, Invitrogen). The siRNA control used for SMART pool PHF20L1 was an ON-TARGETplus non-targeting control pool (catalog no. D-001810-10-05, Thermo Scientific). For global 5mC detection by HPLC, cells were transfected for 5 days using 50 nM PHF20L1 siRNA.
Subcellular Biochemical Fractionation-Briefly, 10 7 HeLa cells were collected, washed three times with PBS, and resuspended in buffer A containing 10 mM HEPES (pH 7.4), 1.5 mM MgCl 2 , 10 mM KCl, 0.34 M sucrose, 10% glycerol (v/v), 0.1% Triton X-100 (v/v), 1 mM DTT, protease inhibitor mixture (Sigma-Aldrich), and PMSF. After a 5-min incubation on ice, cells were centrifuged (1300 ϫ g for 5 min at 4°C), and the pellet P1 corresponding to the nuclei was collected, the supernatant S1 representing the cytoplasmic fraction. The nuclei were lysed for 10 min on ice with a hypotonic buffer B containing 0.2 mM EGTA, 3 mM EDTA, 1 mM DTT, and protease inhibitor mixture plus PMSF. The soluble nuclear fraction S3 and the chromatin P3 were separated through centrifugation (1700 ϫ g for 5 min at 4°C). The P3 fraction was resuspended in buffer C, containing 10 mM Tris-HCl (pH 7.5), 1 mM CaCl 2 , and protease inhibitor mixture plus PMSF. The chromatin P3 fraction was kept at Ϫ80°C. Before loading 20 g of chromatin on a SDS-polyacrylamide gel, the P3 fraction was first treated with DNase I (New England Biolabs, catalog no. M0303S) for 10 min at 37°C and then resuspended and boiled for 5 min in SDS sample buffer (New England Biolabs) containing 1 mM DTT.
Gel Filtration Chromatography-Gel filtration chromatography was performed with Jurkat cell nuclear extract as described previously (30) .
In Vivo Ubiquitination Assay-COS-7 cells were co-transfected with a mixture of GFP or GFP-SET7, 3xFLAG or 3xFLAG-PHF20L1, HA-ubiquitin as well as DsRed-DNMT1 plasmids, and Transpass D2 transfection reagent (New England Biolabs) at a ratio of 1:3 g/l for 24 h. Transfected COS-7 cells were treated with 10 M MG132 for 12 h and lysed as described previously (27) . Cell lysates (100 -200 g) were then immunoprecipitated with DNMT1 antibody (Abcam, catalog no. ab92453). Ubiquitination was detected as described previously (27) .
Western Blot and Densitometry-Western blots were performed as previously described (30) . Antibodies and antiserum against DNMT1 were obtained from New England Biolabs (1:10,000 working dilution). Anti-PHF20L1 antibody (1:5000 working dilution) was purchased from Sigma-Aldrich (catalog no. HPA028417). Anti-SET7 (catalog no. 2813), anti-histone H3 (catalog no. 9715), anti-PHF20 (catalog no. 3934), and anti-HA tag (catalog no. 3724) were obtained from Cell Signaling Technology and used at a 1:2000 dilution. Anti-␤-actin and anti-GFP monoclonal antibodies were obtained from Sigma-Aldrich and Roche Applied Science, respectively, and used at a 1:5000 dilution. Densitometry was performed using ImageJ software (W. S. Rasband, National Institutes of Health). All densitometry values (arbitrary units) were normalized to either their respective ␤-actin, histone H3 blots, or Ponceau S staining.
Quantitative PCR Analysis of PHF20L1 siRNA Knockdowns-siRNA-transfected HeLa cells were harvested, and total RNA was purified using TRIzol reagent (Invitrogen). For reverse transcription of RNA, iScript (Bio-Rad) was used to convert 1 g of total RNA, and then 40 ng of cDNA was quantified by performing realtime PCR using a MyiQ Cycler (Bio-Rad) and iQ SYBR Green Supermix (Bio-Rad). The following primers were used in the realtime mixes at a working concentration of 5 nM each: DNMT1, GGCTGAGATGAGGCAAAAAG (forward) and ACCAACTC-GGTACAGGATGC (reverse); PHF20L1, AGCGTTGGAACCA-TCGTTAT (forward) and GACAATCAGACCAGCAAGCA (reverse). RNA values were normalized using primers GCC-AAAAGGGTCATCATCTC (forward) and TGAGTCCTT-CCACGATACCA (reverse) for human GAPDH. MARCH 21, 2014 • VOLUME 289 • NUMBER 12
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Nucleoside Digestion and LC-MS Analysis-Genomic DNA was isolated from siRNA-transfected HeLa cells using an Invitrogen Easy-DNA kit (catalog no. K1800-01) per the manufacturer's specifications. RNA contamination was removed from the genomic DNA with AMPure XP (Agencourt, catalog no. A63880) beads per the manufacturer's specifications. Nucleoside digestion of genomic DNA was done by incubating 4 -5 g of genomic DNA in a mixture of New England Biolabs nucleases at 37°C overnight. Nucleosides were subsequently purified by running the digested sample through a Qiagen QIAquick spin column and collecting the flow-through. LC-MS analysis was performed on an Agilent 1200 series HPLC system equipped with a G1316A UV detector and 6120 mass detector (Agilent, Santa Clara, CA) with a Waters Atlantis T3 column (4.6 ϫ 150 mm, 3 m, Waters (Milford, MA)) equipped with an in-line filter and guard column. Peak quantification was based on the integration area of each target nucleoside at the maximum absorption of UV and adjusted by its respective extinction coefficient constant.
CADOR Peptide Arrays-Biotin or biotin-DNMT1K142me1 peptides were bound and detected on a chromatin-associated domain array (CADOR) as described previously (24) . The CADOR chip contains bromodomain, chromodomain, and Tudor, PHD, SANT, SWIRM, MBT, CW, and PWWP domains fused to glutathione S-transferase (GST).
RESULTS
MBT Domain of PHF20L1 Binds Methylated DNMT1-To
search for a reader of DNMT1K142me1 modification, we synthesized a biotin-tagged peptide encompassing amino acids 132-150 of DNMT1 with monomethylated Lys-142 in the center and screened with a protein domain microarray (24, 34) to identify potential readers. Indeed, the MBT domain of PHF20L1 was specifically bound to the methylated DNMT1 peptide (Fig. 1A) . To validate if the MBT domain of PHF20L1 is a true DNMT1K142me1 reader, GST pull-down experiments were performed using increasing amounts of purified full-length recombinant DNMT1 incubated with constant amounts of SET7 lysine methyltransferase, S-adenosylmethionine methyl donor, and the GST-MBT domain fusion derived from PHF20L1. Upon Lys-142 methylation of recombinant DNMT1 by SET7, GST-MBT domain bound more robustly, compared with control unmethylated DNMT1 (Fig.  1B) . To confirm that this interaction takes place between full-length proteins, we methylated DNMT1 with SET7, separated both mock-methylated (unmethylated) and methylated DNMT1 by SDS-PAGE, transferred the proteins to a membrane, and then incubated the blot with MBP-PHF20L1 fulllength fusion protein as described schematically (Fig. 1C, left) , similar to far-Western blotting. As expected, full-length PHF20L1 was bound to DNMT1K142me1 in a dose-dependent manner, and the interaction was virtually abolished without SET7 methylation in the mock-methylated DNMT1 (Fig. 1C,  middle) . We observed between 2-and 3-fold more binding between full-length PHF20L1 and DNMT142me1 as compared with control (Fig. 1C, right) . These observations led us to believe that both methylated DNMT1 and PHF20L1 may form a complex in mammalian cells. Because DNMT1 is a mainte- nance methyltransferase and is required during S phase of the cell division, we monitored the expression of both PHF20L1 and DNMT1 in a synchronized population of cells by Western blot. Both proteins are expressed in a cell cycle-dependent manner with total DNMT1 protein level peaking at 8 h and PHF20L1 at 6 h after aphidicolin release (Fig. 2 ). This suggests that during early stages of DNA synthesis, there is an abundance of PHF20L1, allowing it to form a complex with methylated DNMT1.
PHF20L1 Interacts with DNMT1 in Mammalian Cells-Western blot analysis revealed that HeLa cells are a good source for both DNMT1 and PHF20L1, and DNMT1 expression is cell cycle-regulated, as expected (Fig. 2 ). PHF20L1 has three isoforms, PHF20L1a, -b, and -c, and they all share the same MBT binding domain. PHF20L1a is the largest isoform and it is the only one containing a PHD (Fig. 3A) . The PHD has been shown to bind methylated lysine tails on histones and to participate in mammalian gene expression (35) . Co-immunoprecipitation using anti-DNMT1 antibody predominantly pulled out the PHF20L1a isoform. In a reciprocal immunoprecipitation using anti-PHF20L1 antibody, we pulled out DNMT1 from the nuclear extract of HeLa cells, thus demonstrating complex formation between both DNMT1 and PHF20L1a on the chromatin (Fig. 3B ). Furthermore, PHF20L1a was the predominant isoform bound to chromatin in HCT116 and HEK293 cells (Fig.  3C, left) , and this isoform was also confirmed bound to endogenous DNMT1 in these cells (Fig. 3C, right) . Due to the pre- HeLa cells were first treated with thymidine and subsequently aphidicolin for late G 1 arrest. Aphidicolin was then removed, allowing for cell cycle release (hours after release indicated at the top, and corresponding cell cycle stages indicated at the bottom). Chromatin-extracted samples were analyzed by Western blot analysis with the indicated antibodies. Densitometry measurements for protein levels of DNMT1, PHF20L1a, and cell cycle progression markers cyclin E and cyclin A, normalized to histone H3, were plotted below (arbitrary units).
FIGURE 3. PHF20L1 binds to DNMT1 in vivo.
A, schematic illustrating the three different known isoforms of PHF20L1. All three isoforms contain an MBT and Tudor domain, but only isoform a, the largest, contains a PHD finger domain. B, co-immunoprecipitation (IP) of DNMT1 and PHF20L1 reveals in vivo binding of these two proteins. Molecular weight marker and immunoprecipitation antibodies, anti-DNMT1, anti-PHF20L1, and anti-IgG, are indicated at the top of the Western blots. Antibodies used for protein detection, anti-PHF20L1 and anti-DNMT1, are indicated to the bottom of the Western blots. Immunoprecipitations revealed that DNMT1 binds all three isoforms of PHF20L1 (indicated by an asterisk), but the largest PHF20L1a isoform is the predominant species bound to DNMT1 on the chromatin. Densitometry measurements of PHF20L1 immunoprecipitated with DNMT1 antibody were compared with its corresponding chromatin (chr.) input sample to determine the percentage of PHF20L1 bound to DNMT1. C, PHF20L1a binds DNMT1 in human HEK293 and HCT116 cells. On the left is a Western blot revealing that PHF20L1a (indicated by an arrow) is the predominant chromatin binder in both HEK293 and HCT116 cells. To the right are Western blots of DNMT1 and PHF20L1a co-immunoprecipitations in HEK293 and HCT116 cells, revealing in vivo interaction of these two proteins. D, size exclusion chromatography fraction of nuclear extract, demonstrating co-elution of DNMT1K142me1 and PHF20L1a with molecular weight markers indicated at the top. Western blot antibodies for DNMT1, DNMT1K142me1, and PHF20L1a are shown to the left. dominance of PHF20L1a across three different mammalian cell types and its binding to endogenous DNMT1, we have focused our subsequent studies only on the PHF20L1a isoform when examining its interaction with DNMT1 in the cell. PHF20L1a acting as a binding partner of DNMT1 was also confirmed by Western blot of nuclear extract fractions from a gel filtration column, which revealed that DNMT1K142me1 co-eluted with the PHF20L1a isoform ( Fig. 3D) . We also performed a series of expression studies to investigate the colocalization of DNMT1 and PHF20L1a. A typical colocalization between endogenous DNMT1K142me1 and epitope-tagged PHF20L1 (3xFLAG-PHF20L1/FLAG-PHF20L1a) was perinucleolar (Fig. 4A, top) ; similarly, 5mC and DNMTK142me1 were also perinucleolar ( Fig. 4A, middle) . Indeed, overexpressed SET7, epitope-tagged PHF20L1a, and DNMT1K142me1 colocalized together (Fig.  4A, bottom) . In control studies, overexpression of SET7 and DNMT1K142me1 resulted in over 85% of the cells showing colocalization, as was expected and observed before (27) . Overexpression of epitope-tagged PHF20L1a alone resulted in a low percentage (ϳ2%) of perinucleolar localization (Fig. 4A, top) , and this increased to ϳ40% in the presence of proteasomal inhibitor MG132. The colocalization percentage between PHF20L1 and DNMT1K142me1 increased to 75% when epitope-tagged PHF20L1a was overexpressed in the presence of MG132 inhibitor, suggesting that more cellular PHF20L1a aids in protection of DNMT1K142me1 (Fig. 4A, bottom table) . The colocalization remained perinucleolar after staining the cells with either anti-FLAG (N-terminal tag of PHF20L1a) or anti-Myc (C-terminal tag of PHF20L1a) antibody, demonstrating that it is indeed the PHF20L1a isoform that is in the perinucleolar complex (data not shown). Therefore, blocking proteasomal degradation of DNMT1K142me1 resulted in the stabilization and capture of DNMT1K142me1-PHF20L1 complexes in the cells. Furthermore, immunostaining of endogenous DNMT1 and PHF20L1 showed perinucleolar localization in HeLa cells, as was observed with the tagged fusion constructs (Fig. 4B, top) . Similarly, DNMT1K142me1 and 5mC are also present in the perinucleolar region in untransfected HeLa cells, as expected (Fig. 4B, middle and bottom) .
Chromatin Loading of DNMT1 Is Facilitated by PHF20L1-PHF20L1a contains two more structural domains apart from the MBT domain. Both Tudor and PHD domains are readers of lysine methylation on histone H4 and H3, respectively. Similarly, DNMT1 also loads itself onto chromatin during cell division. Therefore, we investigated if PHF20L1 participates in epigenetic inheritance mechanisms by interacting with DNMT1. We knocked down PHF20L1 using a synthetic siRNA and isolated cytoplasmic and nuclear fractions. The nuclear fractions were further processed to obtain chromatin-bound and -unbound fractions. Cytoplasmic, chromatin-unbound, and chromatin-bound protein fractions were Western blotted and probed for PHF20L1a. Both PHF20L1a and DNMT1 were found to be exclusively chromatin-bound (Fig. 5A, left) . siRNA knockdown of PHF20L1 resulted in reduction of chromatinbound DNMT1 (Fig. 5A, left and right) . After a single round of siRNA transfection, PHF20L1 mRNA expression was down-regulated over 80% (Fig. 5B) . Also, an additional PHF20L1 siRNA was utilized from a different manufacturer, confirming these findings (data not shown). Coinciding with our siRNA knockdown finding, overexpression of FLAG-PHF20L1a increased the levels of DNMT1 protein when compared with FLAG alone (Fig. 5C ). These findings suggest that PHF20L1 prevents the proteasomal degradation of DNMT1, thus increasing DNMT1 levels on chromatin.
PHF20L1 Masks Lysine-methylated DNMT1 from Proteasomal Degradation-Because DNMT1 degradation relies on Lys-142 monomethylation and DNMT1K142me1 binds to PHF20L1, we next examined whether ubiquitin-mediated degradation is targeting this complex. Previous studies have established that DNMT1 degradation is mediated by the ubiquitinproteasome pathway (19) . Because the majority of cellular proteins destined for degradation are polyubiquitinated (36) , we also examined whether polyubiquitination of DsRed-DNMT1 fusion is preventable by PHF20L1. Expression constructs containing isoform PHF20L1a and HA-ubiquitin were transfected into the cells, with or without GFP-SET7, in the presence of proteasome inhibitor MG132, and DNMT1 was subsequently immunoprecipitated. We performed Western blot analysis on the immunoprecipitated materials with an anti-HA antibody (Fig. 6A ). In the presence of SET7 (Fig. 6A, lane 1 versus lane 2) , immunopre-cipitated DNMT1 showed a stronger smear of HA-ubiquitintagged DNMT1, confirming our previously reported observation that methylated DNMT1 is the target for proteasomal degradation (27) . However, overexpression of PHF20L1a, along with SET7, resulted in a reduction of the HA-ubiquitin-tagged smear (Fig. 6A,  lane 2 versus lane 4) . Densitometry analysis of the HA-ubiquitin smear quantitatively revealed that ubiquitinated DNMT1 was at least 3-fold higher in the presence of SET7 but was reduced to background levels when PHF20L1a and SET7 were expressed together (Fig. 6A, bottom) . In the absence of exogenous SET7, the ubiquitinated DNMT1 level did not change despite overexpression of PHF20L1a (Fig. 6A, lane 1 versus lane 3) . Overall, these observations suggest that in the presence of PHF20L1a, lysine ubiquitination of DNMT1 occurs at or below background levels. Further validating this finding, siRNA knockdown of PHF20L1a in the presence of the MG132 proteasome inhibitor prevented DNMT1 degradation on chromatin, whereas siRNA knockdown in cells not treated with MG132 showed a 70% loss of DNMT1 (Fig.  6B) . Overall, these results strongly suggest that DNMT1K142me1 degradation by the ubiquitin-proteasome pathway is at least partly prevented by PHF20L1a masking of the monomethylated Lys-142 on DNMT1. MARCH 21, 2014 • VOLUME 289 • NUMBER 12
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Depletion of PHF20L1 Leads to DNA Methylation Changes-Because the MBT domain of PHF20L1 binds methylated DNMT1, protecting it from SET7-mediated degradation, it is plausible that PHF20L1 may participate in DNA methylation of the genome. To test our hypothesis, we depleted PHF20L1 using siRNA and measured the levels of 5-methylcytosine in the genome. We observed a subtle (ϳ5%) but significant (p ϭ 0.029) hypomethylation of the genome, suggesting that changes in DNA methylation occur in the absence of PHF20L1 (Fig. 6C) . The hypomethylation change that was observed upon PHF20L1 siRNA knockdown coincides with our previous findings in which SET7 was overexpressed, leading to a 6.8% hypomethylation of genomic DNA (27) . The similarity between these findings provides further evidence that PHF20L1 and SET7 are direct antagonists in the regulation of DNMT1 proteasomal degradation.
UNC1215 Blocks DNMT1 MBT Domain Interaction-To unequivocally determine the functional association of MBT domain with the protection of methylated DNMT1 from degradation, we used the small molecule MBT domain inhibitor UNC1215. This cell-permeable inhibitor has been shown to be a selective chemical probe for the methyllysine-reading function of MBT domain containing protein L3MBTL3, a member of a family of chromatin-interacting transcriptional repressors (37) . UNC1215 binds to the MBT domain of L3MBTL3 and competitively displaces mono-or dimethyllysine-containing peptides. Also, in vitro experiments have confirmed that UNC1215 interacts with the MBT domain of PHF20L1a (37) . We first tested if UNC1215 treatment of PHF20L1a would prevent complex formation with DNMT1K142me1 in vitro. We immobilized biotinylated methylated peptide representing DNMT1K142me1 on streptavidin-agarose beads, washed unbound peptide, and then added increasing concentrations of UNC1215 and fixed amounts of MBP-PHF20L1a. The unbound proteins were then washed away, and the bound proteins were Western blotted and probed with antibody. As the concentration of UNC1215 increased, PHF20L1a binding to the DNMT1K142me1 peptide decreased, confirming that UNC1215 is a selective competitive inhibitor of the MBT domain of PHF20L1 (Fig. 7A) .
We extended our studies to cultured cells by incubating cells with the UNC1215 inhibitor. We monitored the expression levels of DNMT1 mRNA by quantitative PCR and observed no changes in its expression profile (Fig. 7B, right) . However, DNMT1 protein levels decreased in a dose-dependent manner as UNC1215 concentration increased (Fig. 7B, left and middle) , confirming the involvement of PHF20L1 in maintaining DNMT1 levels. We also confirmed that UNC1215 can block the interaction of PHF20L1a and DNMT1 in cells. DNMT1 that was immunoprecipitated from HeLa cells treated with UNC1215 coprecipitated lower levels of PHF20L1 when compared with untreated cells (Fig. 7C ). This illustrates that the MBT domain of PHF20L1a also binds DNMT1 in vivo.
To determine if the half-life of DNMT1 is shorter upon disruption of the PHF20L1 and DNMT1 complex, we treated HeLa cells with the protein synthesis inhibitor cycloheximide followed by either UNC1215 or vehicle control ethanol. This revealed that the half-life of DNMT1 was significantly shorter (ϳ50% decrease in half-life) when cells were treated with UNC1215 compared with ethanol (Fig. 8A, bottom left) . UNC1215 did not have any effect on the half-life of PHF20L1 (Fig.  8A, bottom right) . Coinciding with this finding, UNC1215 treatment resulted in a dose-dependent loss of DNMT1 in the control samples, which was reduced by MG132 treatment (Fig. 8B) . Indeed, the addition of MG132 stabilized DNMT1, as was observed before (27, 38) . These experiments conclusively establish that proteasomal degradation of methylated DNMT1 is regulated by the interaction of the MBT domain of PHF20L1.
DISCUSSION
DNA methylation is a fundamental process during cell division in mammals and is responsible for maintaining genome integrity and regulating gene expression. DNMT1 adds a methyl group to hemimethylated DNA during DNA replication. After replication, the hemimethylated DNA substrate is no longer available, DNMT1 subsequently gets degraded by the ubiquitin dependent proteasome pathway, and methyllysine 142 acts as a sensor for this biological event. However, methyllysine residues are also attractive targets for methyllysine readers. Previously, only chromodomain-containing proteins were thought to be readers of methyllysine, but recently two other domains, Tudor and MBT, have been shown to bind methylated lysines on the amino terminus tails of histone H3 and H4 (39) . Indeed, the MBT family of proteins can interact with core histones effectively, and this interaction can be more specific, with a higher affinity, if the lysine residue is methylated. In a peptide binding assay, the MBT domain of L3MBTL1-4 had a K D value between low and mid-micromolar range for histones, similar to other MBT-containing proteins, such as SCMH1, SFMBT1, and SMFBT2, that also have low affinity for histones (39) . These results suggest that the poor affinity between the MBT domain and histones may be due to experimental difficulties, or histones are not the true substrate of these domains.
We show DNMT1K142me1 as a new binding partner for the MBT domain of PHF20L1, and one of the functions of this interaction is to protect the enzyme from degradation. The amino terminus of DNMT1 is susceptible to proteolytic degradation (40) . Crystallography of DNMT1 suggests an unstructured amino terminus, suggesting poor packing of the protein, thus allowing proteases to bind and degrade this protein. Also, DNMT1 without the amino terminus is poor at targeting the replication foci because the PCNA binding site on DNMT1 lies between amino acids 162 and 174. Therefore, the presence of the amino terminus in DNMT1 is crucial for DNA methylation inheritance. It is plausible that PHF20L1a provides a dual function to DNMT1, with binding of PHF20L1a 1) masking the amino terminus region, thus preventing proteolysis, and 2) targeting DNMT1 to chromatin, using its PHD as a tether. Because the MBT domain selectively recognizes mono-and dimethyllysine and has been shown to function as a gene repressor, a functional cooperation with DNMT1 will contribute to the robust repressive state of the chromatin and facilitate DNA methylation. Colocalization of DNMT1 and PHF20L1a at the perinucleolar space in the presence of SET7, which catalyzes Lys-142 methylation, supports the above hypothesis. Mammalian perinucleolar space is the anchor to chromatin and represents inactive X allele and ribosomal RNA genes (41, 42) . Ribosomal RNA genes are regulated by DNA methylation, and DNMT1 may be the predominant enforcer of gene regulation. Indeed, in DNMT1 null cells, rRNA gene methylation is abolished, resulting in aberrant expression (43) . In a previous report, we have demonstrated that overexpression of SET7 depletes DNMT1, resulting in demethylation of rRNA genes (27) .
Another intriguing observation concerns the presence of the other PHF20L1 isoforms, PHF20L1b and PHF20L1c, on chromatin, albeit at much lower levels when compared with PHF20L1a. This suggests that the MBT and the Tudor domain are essential for chromatin loading independent of the PHD. The Tudor domain has been described to bind strongly to di-or trimethylated histones, so it would be interesting to test the binding affinity of this domain toward histones or other nonhistone proteins, such as p53.
Lysine residues on proteins can be methylated or acetylated. Methylation and acetylation of proteins may have different biological functions. In general, acetylated histones are predictors of transcriptionally active genes. Similarly, acetylation of p53 is responsible for transcriptional activation, and methylation enhances or suppresses p53 transcriptional activity, depending on the methylation site. Furthermore, in another study, the Tudor domain in PHF20 recognized p53 dimethylated at Lys-370 or Lys-382, and a homodimeric form of this Tudor domain could associate with the two dimethylated sites on p53 with enhanced affinity binding specificity, suggesting a multivalent interaction. This physical association between PHF20 and p53 promotes stabilization and activation of p53 by reducing Mdm2mediated p53 ubiquitination and degradation (33) . Indeed, a recent report has suggested that DNMT1 undergoes acetylation by Tip60, leading to its degradation (38) . In the same report, the authors have suggested that acetylated DNMT1 is a substrate for the E3 ubiquitin ligase, UHRF1, a well known binding partner of DNMT1, leading to its proteasomal degradation. Indeed, DNMT1 can be stabilized by HDAC1 and destabilized by Tip60, suggesting that deacetylation and acetylation can be a major pathway for DNMT1 stability. HDAC1, which can deacetylate lysine residues, is a known binder of DNMT1, and this interaction could facilitate the methylation of DNMT1 by SET7. Methylated DNMT1 can then interact with PHF20L1a and remain stabilized during the cell cycle, and this may play an important role in epigenome silencing. Furthermore, PHF20L1 may play a vital role in epigenetic inheritance. Reduction of normal endogenous levels of PHF20L1 may influence aberrant DNA methylation and genomic instability. Therefore, the methyllysine reader PHF20L1 is an important reader of DNMTK142me1 that facilitates maintenance of this methyltransferase.
